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Abstract  
Since the pioneering work on exfoliated single-layer graphene, layered inorganic nanosheet 
materials have been widely explored due to their unusual properties with potential 
applications in energy devices and optical electronics. Among these layered inorganic 
nanosheets, two-dimensional thin MoS2 nanosheets show extraordinary properties such as the 
presence of a direct bandgap, magnetism, superconductivity and ferroelectricity. Over the 
past few years, solution-processed exfoliation methods of layered materials have been 
extensively studied; most of the exfoliation processes employ organic solvents or use 
surfactants as well as other functionalization agents. Although pure water is considered as an 
ideal solvent, however, it is generally believed stable dispersions of water could not be 
achieved due to poor solubility MoS2 in water. Thus, there are very limited studies for 
developing of water based MoS2 dispersions. Here we introduce a facile, green and reliable 
exfoliation method for producing water-dispersible MoS2 nanosheet without surfactant. Pure 
water was used as a solvent and this exfoliation process was achieved by thinning the bulk 
MoS2 by mechanical force between sandpapers and dispersing it through probe sonication in 
water. The exfoliated single or few-layered MoS2 nanosheets were characterized by TEM and 
SEM images. The lateral dimensions of the nanosheets were around 500 nm to 5µm, the same 
range as obtained in the organic solvents as reported. Zeta potential measurements indicated 
that electrical charges may be responsible for the stabilization of the dispersions. Overall, it is 
concluded that with this exfoliation strategy, water can be used as a useful dispersible solvent 
for MoS2 nanosheets. Although the stability of the dispersions may not be as high as in 
organic solvents, the present method could be employed for a number of applications where 
the dispersions can be produced on site and organic solvents are not desirable. 
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Introduction 
 
Since the pioneering work of two-dimensional nanomaterials in 2004, graphene have been 
considered as one of the most promising materials for next generation electrochemical and 
electronic devices due to their outstanding electronic, optical, thermal, and mechanical 
properties.[3-6] Since then this pioneering work has attracted a great deal of attention and 
pave the way to the rise of two-dimensional graphene analogues based on layered inorganic 
materials.[4,7,8] Over the past seven years, there has been extensive research for developing 
of various two-dimensional inorganic nanosheets such as MoS2 and WS2.[5,9-11] Among 
these two-dimensional materials, MoS2 is highly regarded as it displays a range of properties 
of vital interest to physical and materials sciences.[12-14] Nanoscale MoS2 possesses a much 
larger specific surface area and shows excellent electrochemical performance because of its 
size effect in comparison with its bulk material.[13,15] Thus, it inspired numerous research 
works in designing of various MoS2 materials to improve their properties by controlling the 
morphologies and sizes.[16] Among various morphologies of MoS2 nanomaterials, 
MoS2 nanosheets are of greater interest because they possess more exposed active sites and 
relatively higher specific surface area which is superior for electrochemical 
applications.[10,17] Besides, MoS2 nanosheets exhibit interesting magnetic and ferroelectric 
properties as well.[18] These unusual properties make MoS2 nanosheets a potential candidate 
in spintronics and optoelectronics.[19] Hence, it is considered that MoS2 nanosheet could be 
promising materials of great importance for next generation nanoelectronics.  
For successful exfoliation of single-layer or few-layered MoS2 nanosheet, the typical 
method is by lithium intercalation, which could give a high population of single 
nanosheets.[20,21] However, the lithium intercalation of MoS2 must be performed under inert 
conditions owing to the flammable lithium source. Besides, the beginning of the exfoliation 
  
process of MoS2 can only take place after the intercalation process is finished, which could 
take up to three days.[22] Furthermore the lithium intercalation process can lead to structural  
change in the MoS2 crystals which could disable some unusual semiconducting  properties of 
MoS2.[23] As a result, numerous investigations have been focusing on developing a more 
facile exfoliation methods for MoS2 nanosheet.[24] In general, a proper solvent or surfactant 
is used as well as a mechanical force. There are mainly two types of solvent are used, organic 
solvents and water with an added surfactants.[4,17]  The exfoliation process in organic 
solvent can achieve the highest concentration and most stable dispersions. However, removal 
of the solvent after the exfoliation process is highly challenging due to their high boiling 
point and toxicity. Low boiling point organic solvents was also investigated, but the final 
throughput concentration was rather low.[25] The approaches using water solvent with 
surfactants could be efficiency, however, re-stacking of the nanosheets was occur when the 
surfactants are removed.[17] Sonication is the most common mechanical force to exfoliate 
layered materials, however, the efficiency of this individual method is limited.[16] Many 
other exfoliation methods such as mortar and pestle,[26] ball milling,[27] and shear 
mixers[28] were also investigated but the result were not impressive.  Henceforth, facile and 
effective exfoliation method is still in demand for development of single or few-layered 
MoS2 nanosheets. 
  
 
In this study, we developed a facile, green and scalable exfoliation strategy for 
producing water-dispersible MoS2 nanosheets. The morphologies and crystal structure of the 
nanosheets have been examined using XRD, SEM, TEM and HREM. The optical property 
of the manufactured nanosheets is also investigated and compared with the previously 
reported data. There are two steps involved for a complete exfoliation process. Firstly, 
commercial bulk MoS2 powder between sandpapers was pre-processed by a mechanical 
sanding machine and no intercalation agents were involved. The second step was dispersion 
in water by sonication which was a typical process for nanosheet exfoliation.  Briefly, for 
the sanding assisted mechanical exfoliation process, as shown in Figure 1, the sanding 
machine(Bosch) with a nominal speed of 11000 rpm was used to exfoliate the bulk 
commercial MoS2 powder between the sandpapers with 2000 mesh against a flat PTFE sheet 
for about 5 mins.[29] The liquid exfoliation was performed using a high speed ultrasonic 
probe sonicator with four tip horn (Q700, Qsonica). The probe-sonication assisted liquid 
exfoliation process was carried out on the processed powder after the sanding treatment. The 
sonicating process lasts about 30 mins. Thereafter, the resulting product was collected by 
centrifugation and re-dispersed in water for further characterizations.  
The dispersion of MoS2 nanosheet was prepared in distilled water with different 
concentrations. It is surprising that the dispersions display large scale homogeneity without 
any agents and the MoS2 nanosheets exhibit excellent water solubility with good stability in 
air.  For revealing the mechanism of the stability of these dispersion, the zeta potential 
measurement of the prepared MoS2 dispersion was conducted and the results showed that 
the stable dispersion was formed when the pH values was around 4-8, in which the solution 
is positively charged, which helped to form stable dispersions.[30] The stability results 
 Figure 1 The typical green exfoliation process of single and few-layered MoS2 
nanosheets by a facile sanding and sonicating assisted method. 
 
 
  
showed that our MoS2 nanosheet dispersion with a concentration of 1 mg mL
−1 in distilled 
water under ambient conditions can be well preserved for up to 10 days. 
In order to examine the crystal structure of the MoS2 nanosheets before and after the 
exfoliation process, X-ray diffraction (XRD) analysis was performed on the MoS2 powders 
and the MoS2 nanosheets collected by vacuum filtration of MoS2 dispersions on membrane. 
The XRD results are shown in Figure.2. It is well observed that all typical MoS2 (100) (103) 
(002) orientations were present and no extra peaks such as molybdenum oxides can be 
identified, which confirmed that the pure phase of MoS2.[31,32]  In addition, There is no 
difference for the XRD patterns before and after the exfoliation except that the peak 
intensities for the exfoliated MoS2 is lower than the powder MoS2, which is probably due to 
the single or few-layered structure compared to bulk samples. These results indicate that the 
crystal structure of MoS2 nanosheets was not damaged after the exfoliation process, which 
are consistent with the reported data.[32,33]  
 
 
 
 
 
 
 
 
 
 
For further characterizing the morphologies of the nanosheets dispersed in water, 
SEM and TEM examinations have been carried out. Figure 3 shows the SEM morphologies 
of the MoS2 nanosheets under variable magnifications. It can be found that the MoS2 
Figure 2 XRD spectrums of the commercial MoS2 powder and the exfoliated MoS2 
nanosheets (collected by vacuum filtration of MoS2 nanosheet dispersions) 
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nanosheets were randomly packed as seen in Figure.3a. The sheet thickness of exfoliated 
MoS2 starts from several nanometres for the single layer to tens of nanometres for few 
layered samples as observed in Figure.3b and 3c. The SEM sample was collected by vacuum 
filtration of dispersion on polymer membrane. Thus the aggregation process is still occurred 
as can be clearly seen in Figure 3b. We also has collecting the samples by centrifugation 
method for SEM characterizations. The results from the centrifugation method in Figure S1 
showed no big difference while the nanosheet structure can be well retained using the 
vacuum filtration method, which is beneficial for the analysis of surface structure 
characterizations. 
 
TEM characterization of exfoliated MoS2 nanosheet was performed as well. From 
the TEM images in Figure 4, the frame of transparent nanosheets with large size were 
observed. The lateral size of the MoS2 nanosheet was in the range of 500 nm to 5 µm, which 
was consistent with the SEM results in Figure 3. In Figure 4, the marked area of A, B, C 
from one piece of MoS2 nanosheet was inspected. The high quality crystalline structure of 
MoS2 nanosheet was clearly exposed, which was in line with the result of XRD analysis.  
For further revealing the details of the nanosheet structure, crystal structure, HRTEM 
examination and simulation was conducted and are present in Figure.5.  As shown in 
Figure.5a, the lattice structure from one selected area of the exfoliated MoS2 nanosheet is 
very complex. Figure 5b is a filtered image of the marked area of Figure.5a using the 
HRTEM filter.[34] The lattice structure seems to be heavily rotated and split into two planes 
Figure 3 SEM images of exfoliated MoS2 nanosheets under variable magnifications. 
 
  
in some locations. Figure.5c is a fast Fourier transformation (FFT) of Figure.5b, overlapped 
with the simulated selected area electron diffraction (SAED) patterns of MoS2 under the 
zone axis of [0-10] using Singlecrystal
TM
.
[35] 
It is clear that the FFT patterns are consistent 
with the SAED ones under the zone axis of [0-10]. Moreover, the (002) and (-101) planes 
can be identified in Figure.5b and their d-spacing is measured as approximately 0.615 nm 
and 0.267 nm, and the angle between them is 77.5
o
. The d-spacing for the split planes is 
approximately 0.307 nm, which is identified as the (004) plane.  
 
 
 It is well known that the HRTEM morphologies for materials depend on the 
thickness of the specimen and/or the defocus condition of the TEM.[36] In order to fully 
understand the alignment of the lattices, simulation on the HRTEM morphologies for MoS2 
has been performed with the changes in the specimen thickness and TEM defocus using 
JEMS[37], and the HRTEM map is shown in Figure.5d. The HRTEM images are simulated 
with the start defocus of d=72 nm and the specimen thickness of t= 9.45 nm, and the defocus 
 Figure 4 TEM Images of MoS2 nanosheets dispersed in water; (b), (c) and (d) are high 
magnification images of A, B, and C areas, respectively 
  
increases in a step of 3 nm to the right, and the specimen thickness increases in a step of 
3.15nm to the up. It is evident that the morphology of the lattice structure is sensitive to the 
defocus and specimen thickness. It can be found that the lattice morphologies of S1, S2 and 
S3 in the simulated images of Figure.5d are well consistent with those of E1, E2 and E3 in 
the experimental results of Figure.5b. In the same TEM view, when the specimen thickness 
decreases, the defocus correspondingly increases. From S1 to S2 and to S3, the specimen 
thickness decreases in a step of 3 nm and the defocus increases in a step of about 3 nm. 
Hence, it is speculated that the change in the lattice morphology from E1 to E2 and to E3 is 
due to the change of the specimen thickness. Hence, as shown in Figure.3, the specimen 
thickness in the same nanosheet changes from location to location, which is the reason that 
the lattice morphology of the nanosheet is very complex in Figure.5. Moreover, the lattice 
parameters of the manufactured nanosheet are calculated on the basis of the TEM and XRD 
results and are shown in Table 1.  The lattice parameters from the HRTEM measurement are 
a=b=0.316 nm and c=1.230 nm, which are well consistent with those from the XRD and the 
report data.[1,2] These results confirm that the nanosheets dispersed in water maintain their 
crystal structure, and hence water can be used as a solvent to disperse MoS2 nanosheets. 
MoS2 has gained increasing attention due to its promising optical properties. Of 
particular interest is the indirect to direct band-gap transition from bulk and few-layered 
structures to mono-layered MoS2, respectively.[38] Generally, it is known that the UV–
visible spectra can give relevant information on the nature of the obtained materials. Thus, 
the optical properties of the MoS2 thin films were measured by UV-vis spectra. The MoS2 
nanosheet dispersion with a concentration of 1 mg mL−1 was characterized. On the basis of 
the literature data, it comes that the features of the MoS2 spectrum in Figure 6 can be 
summarized as follows: (i) a first absorption threshold staring at about 700 nm due to a direct 
transition at the K point; (ii) two sharp peaks at 674 nm and at 621 nm on the high energy 
  
side of this threshold due to the excitonic transitions, respectively;[38] (iii) a second threshold, 
beginning at about 500 nm, due to a direct transition from valence band to the conduction 
band.[39] Based on the observation of the UV-vis Spectra, the synthesized MoS2 demonstrate 
typical nanosheet properties with the facile and green exfoliation process. 
 
 
 
 In brief, we have developed a facile and green two-step method to prepare water-
soluble MoS2 nanosheet involving a sanding and sonicating assisted exfoliation. The 
Figure 5 HRTEM images of MoS2 nanosheets dispersed in water: (a) Experimental 
HRTEM image, (b) a filter image of high magnification of the marked area in (a), (c) FFT 
of (b) and simulated SAED patterns in the zone axis of [0-10], and (d) simulated HRTEM 
images with the start defocus d=66nm and specimen thickness t= 9.45 nm. The defocus 
increases in 3 nm to the right, and the specimen thickness increases in 3.15nm to the up. 
The lattice morphologies of E1, E2 and E3 in (b) are close to those of S1, S2 and S3 in the 
simulated images of (d).  
 
  
nanosheets were successfully exfoliated and the crystal structure was examined by SEM, 
TEM and HRTEM techniques. The property of the prepared MoS2 nanosheet is fully 
consistent with the materials made by other reports.[12,33,39] In addition, this method is 
scalable for practical applications and the prepared MoS2 nanosheet is water soluble with 
superior stability for up to 10 days in ambient conditions. The optical property is comparable 
with the report data.
39                 
                   
                       
      Overall, it can be concluded that with this exfoliation strategy, water can be used as a 
useful dispersible solvent for single or few-layered MoS2 nanosheets. Although the stability 
of the dispersions may not be as high as in organic solvents, the present method could be 
employed for a number of applications where the dispersions can be produced on site and 
organic solvents are not desirable. Thus, the large scale production of two-dimensional 
nanosheets can be performed at a lower cost and in more environmental friendly conditions.    
Table 1: Lattice parameters obtained via TEM and XRD 
and reported in references for MoS2 
. 
 
Lattice parameters a, nm c, nm 
TEM 1.230 0.316 
XRD 1.233 0.315 
Reference[1] 1.230 0.315 
Reference[2] 1.230 0.316 
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